Abstract: DNA barcoding has been recently promoted as a method for both assigning specimens to known species and for discovering new and cryptic species. Here we test both the potential and the limitations of DNA barcodes by analysing a group of well-studied organisms-the primates. Our results show that DNA barcodes provide enough information to efficiently identify and delineate primate species, but that they cannot reliably uncover many of the deeper phylogenetic relationships. Our conclusion is that these short DNA sequences do not contain enough information to build reliable molecular phylogenies or define new species, but that they can provide efficient sequence tags for assigning unknown specimens to known species. As such, DNA barcoding provides enormous potential for use in global biodiversity studies.
DNA barcodes have been proposed as a powerful new method for quickly identifying known species, discovering unknown species, and pinpointing cryptic species (Blaxter 2003; Hebert et al. 2003; Marshall 2005) . This technique has also been the subject of some criticism (Moritz and Cicero 2004; Ebach and Holdrege 2005; Marshall 2005) , mainly that short barcode sequences do not constitute an adequate species description and that they do not contain enough information to infer species relationships. Here we perform a simple test to demonstrate both the potential and the limits of the barcoding approach. Essentially, we agree with the concerns of other authors concerning the use of short barcode sequences, either as a basis for phylogenetic classification or for the definition of cryptic species. Nevertheless, we have shown that DNA barcodes provide a very efficient way of assigning individuals to known species.
We chose a group of well-studied organisms-the primatesfor which both the species boundaries and the species relationships are established. We downloaded the available primate barcode sequences from GenBank (see Supplementary Table for list of sequence accession numbers). Our goal was to test the reliability of these sequences for 2 different, but related purposes. First, we wanted to ask if all sequences from a given species would be grouped together. Secondly, we wished to know if the higher level groupings would be statistically well supported and if they would match the accepted phylogeny of primate species.
All sequences were aligned manually, using the reading frame as a guide. Based on these aligned sequences, neighborjoining trees were constructed according to the methods of Saitou and Nei (1987) using the Mega3 software package (Kumar et al. 2004) . We chose the Kimura model of base substitution (Kimura 1980) and performed 1000 replicates for bootstrapping analysis (Felsenstein 1985) . The results are shown in Fig. 1 .
The first goal of the present study, as stated above, was to see if all of the sequences from the same species clustered together in the neighbor-joining tree. Figure 1 illustrates that this is indeed the case; barcode sequences from a given species always group together in the tree. In contrast to this, many of the higher order branches are poorly supported and do not match the accepted phylogenetic relationships within the primates. This is reflected both in the low bootstrap values for many of the internal nodes and the inability to resolve short branches correctly. For example, the placement of humans as an outgroup to chimps and gorillas is incorrect. In summary, several of the groupings above the species level are incorrect and many of them are not statistically well supported.
To filter out the poorly supported parts of the tree, we collapsed all branches that did not have 100% bootstrap support (Fig. 2) . This second tree retained the species identification at the tips of the tree (with the exception of lumping the 2 closely related species of Pan), while removing many of the poorly supported internal nodes. To put it simply, DNA barcodes may delineate individual species with a high degree of Genome Vol. 49, 2006 Table  2 ) . Shown is a neighborjoining tree made from a 651 bp sequence of the COI gene. confidence but they do not reliably uncover many of the deeper phylogenetic relationships.
The one exception to unique species identification at the very high (100%) bootstrap value was the failure to resolve the barcodes for the 2 species of chimpanzee, Pan paniscus and Pan troglodytes (see Fig. 2 ). When the cut-off is lowered to a 95% bootstrap value, the 2 species of chimp are resolved (Fig. 3) . It is interesting to note that the humanchimp-gorilla trichotomy is still not resolved in this figure. An alternative to relaxing the bootstrap cut-off value is to retain the 100% value and increasing the length of the sequence used for the barcode. Therefore, we extended the barcode sequence to 1500 bp and, as expected, the use of longer sequences resulted in the resolution of the 2 species of chimp, even at the higher bootstrap cut-off value (Fig. 4) . This result highlights the fact that there is no single, "correct" length for a DNA barcode. Although longer sequences give greater resolution, unexpectedly short sequences provide excellent resolution at the species level. Thus it is far more efficient to use very short sequences for the initial screening of large numbers of samples. Difficult cases, owing to recent divergences and (or) low rates of molecular evolution, can be resolved by extending the barcode sequence. Of course, more challenging problems such as molecular phylogenetics or DNA-based species definitions would require far more extensive sequences than those that are needed for species barcoding.
This analysis is not meant to be exhaustive, but to highlight 2 important features of DNA barcoding. First, despite the short sequences used, this method provides an efficient means of generating "molecular labels" for species. Second, and precisely because of the short sequence length, DNA barcoding cannot reliably quantify the relationships between species and therefore should not be used to build deep molecular phylogenies. Consequently, we agree with those who claim that DNA barcoding is not a threat to either taxonomy or biosystematics (Schindel and Miller 2005) .
It should be noted that although we have shown that DNA barcoding can accurately assign samples to well-defined primate species, this does not mean that it will be equally applicable to other groups. But it is does mean that it can function very well in a case where there are no underlying taxonomic difficulties. In fact, it is interesting to note that the 2 species of chimpanzee that were difficult to resolve by traditional taxonomic methods also provide a challenge for the barcoding approach. It remains to be seen how DNA barcoding will work for other species groups, especially in groups that lack outbreeding or that are characterized by significant amounts of geographic differentiation and (or) hybridization. It is worth noting that the rates of divergence for COI sequences in primates (an average of 0.30% for conspecific comparisons and 5.88% for congeneric comparisons) are comparable with what is found among the barcode sequences of fish (0.39% and 9.93%; Ward et al. 2005 ) and birds (0.43% and 7.93%; Hebert et al. 2004) .
In summary, we have demonstrated that short barcoding sequences contain sufficient information for the reliable delineation of species, but not enough for the assembly of a complete phylogenetic tree. Thus, barcoding provides a checklist for the "leaves" of the phylogenetic tree rather than a map of the branching pattern (Crandall and Buhay 2004 ); as such, DNA barcoding has enormous potential for use in global biodiversity studies. It is a tool that enables us to perform high-throughput analyses of species abundances on a global scale and to track changes in those abundances through time. Barcoding is ideal for the field biologist who wants to assess species-level biodiversity in a large geographic area in a short amount of time, since the process is quick and can be automated. The pre-sorted samples could then be passed on to an expert taxonomist for a more detailed analysis, if required. 2 However, these data points do not show any significant variation from the presented set.
